Abstr act. The flow unsteadiness generated in the draft tube cone of hydraulic turbines affects the turbine operation. Therefore, several swirling flow configurations are investigated using a swirling apparatus in order to explore the unsteady phenomena. The swirl apparatus has two parts: the swirl generator and the test section. The swirl generator includes two blade rows being designed such that the exit velocity profile resembles that of a turbine with fixed pitch. The test section includes a divergent part similar to the draft tube cone of a Francis turbine. A new control method based on a magneto rheological brake is used in order to produce several swirling flow configurations. As a result, the investigations are performed for six operating regimes in order to quantify the flow from part load operation, corresponding to runaway speed, to overload operation, corresponding to minimum speed, at constant guide vane opening. The part load operation corresponds to 0.7 times the best efficiency discharge, while the overload operation corresponds to 1.54 times the best efficiency discharge. LDV measurements are performed along three survey axes in the test section. The first survey axis is located just downstream the runner in order to check the velocity field at the swirl generator exit, while the next two survey axes are located at the inlet and at the outlet of the draft tube cone. Two velocity components are simultaneously measured on each survey axis. The measured unsteady velocity components are used to validate the results of unsteady numerical simulations, conducted using the OpenFOAM CFD code. The computational domain covers the entire swirling apparatus, including strouts, guide vanes, runner, and the conical diffuser. A dynamic mesh is used together with sliding GGI interfaces to include the effect of the rotating runner. The Reynolds averaged Navier-Stokes equations coupled with the RNG k-ε turbulence model are utilized to simulate the unsteady turbulent flow throughout the swirl generator.
Intr oduction
Confined swirling flow is found in numerous technical applications. The effects of the swirl may be favourable [1] or an unavoidable, possibly unforeseen, side effects which comprise a forced vortex core centred on its axis of rotation [2] . Vortex breakdown arises when a flow with some initial angular momentum is allowed to decay along the length of a tube. The vortex breakdown may cause severe pressure fluctuations that may damage the construction. In hydraulic turbines, such pressure pulsation appear in the draft tube at off-design operation and is associated with low-frequency phenomena developing in swirling flows [3] . For example, working at partial discharge the self-induced instability of the decaying swirling flow downstream the runner blade forms a precessing helical vortex, also called vortex rope. It is accompanied by strong pressure fluctuations [4] [5] leading to severe physical damage [6] .The mean swirl profiles develop through the diffusing draft tube, and may approach unstable conditions that cause a vortex breakdown [7] [8] .
It is known that a moderate level of residual swirl downstream the runner delays boundary layer separation at the draft tube wall and thus aids the pressure recovery. Large swirl intensities, however, can degrade the performance by forming recirculation regions within the core flow [2] . Clausen et al. [9] found that there is a small range of swirl numbers that avoids both recirculation and separation.The characteristics of various breakdown states, or modes, in swirling flows depend on the swirl number 
the Reynolds number (Re), and geometry-induced axial pressure gradients in the flow.
Here, R is the radius, W is the axial velocity and U is the tangential velocity. The inclusion of a slight inlet swirl (Sr=0.1) can reduce the precession speed, and may cause the helical precession to be against the mean swirl [10] . Several modes of precession are predicted as the swirl intensity increases, in which the helical precession, as well as the spiral structure, reverses the direction [11] . When the swirl increases to Sr=0.5, a central recirculation zone occurs, which is a typical manifestation of vortex breakdown [10] . This central reversed flow is the result of a low-pressure zone created by the centrifugal force. A swirl generator apparatus was built at Politehnica University of Timisoara in order to investigate swirling flows and to develop novel flow control methods. The swirl generator delivers a swirling flow similar to that of a Francis runner operating at 70% partial discharge [12] . Downstream the runner a conical test section is installed, with the same angle as a real draft tube cone. The central recirculation zone from the conical diffuser was numerically investigated by Muntean et al. [13] . As a result, two flow control methods were experimentally investigated by Bosioc et al. [8] and Tănasă et al. [9] in order to mitigate the pressure fluctuations associated to the central zone.
To supplement experimental studies, it is desirable to increase the knowledge of swirling flow and vortex breakdown by using computational fluid dynamics (CFD). Unsteady Reynolds-averaged Navier-Stokes (URANS) simulations are practical and affordable tool to investigate and capture the main feature of the hydro turbine flow field [14] . Such turbulence models are justified in unsteady flow only if the scales associated with the resolved unsteady motion are substantially larger than the scales of the modelled turbulence. This condition may be satisfied in the large-scale and lowfrequency dynamics of draft tube surge., When more details of the flow unsteadiness need to be captured, the LES and DES methodologies should be used [15] .
In the present paper, unsteady three-dimensional turbulent flow throughout the Timisoara Swirl generator is investigated experimentally and numerically, to elucidate the effects of the swirl on the characteristics of the precessing helical vortex and vortex breakdown. A new control method based on magneto rheological brake is used in order to produce several swirling flow configurations. As a result, the investigations are performed for six operating regimes in order to quantify the flow from part load operation, corresponding to runaway speed, to overload operation, corresponding to minimum speed, at constant guide vane opening. The LDV measurements of the velocity are validated by numerical simulation using RNG k-ε turbulence modelling, and the flow is visualised by the numerical results.
Swir ling flow appar atus and exper imental details
The test rig consists of a main circuit used to supply the water to the swirling flow apparatus, Fig.1 . The main centrifugal pump with variable speed provides up to 35 l/s. The swirl apparatus consists of a swirl generator and a convergent-divergent test section. The swirl generator consists of four leaned strouts, 13 guide vanes and a runner with 10 blades. The guide vanes create a tangential velocity component, while keeping practically a constant pressure. The purpose of the runner is to re-distribute the total pressure by inducing an excess in the axial velocity near the shroud and a corresponding deficit near the hub, like a Francis turbine operation at partial discharge. The runner blades act like a turbine near the hub, and a pump near the shroud. A special acquisition system was designed and implemented in order to measure the runner speed [16] . In order to decrease the speed, a magneto-rheological brake (MRB) was designed and installed on the runner [17] . The MRB device facilitates investigations of several experimental operating regimes, for validation of numerical results. Table 1 presents the operating conditions of the experimental test rig. kHz. During the measurements, the acquisition frequency was approximately 1000 Hz. The reference signal from the throat was used as the trigger in the phase average procedure. One full vortex rope revolution is divided in 180 bins with 2 degrees on each bin.
Numer ical setup
The structured hexahedral mesh is generated in the computation domain throughout the full scale flow passage of the swirl generator. The calculations reported herein are performed using the finite-volume method in the OpenFOAM open source CFD code. The second-order central difference scheme is used to discretize the diffusion terms, and the second-order linear-upwind difference scheme is adopted to approximate the convection term. The time-marching is performed with an implicit secondorder accurate backward scheme. The computational domain is shown in Fig. 3 ,which includes the strout, the guide vanes, the runner, and the conical diffuser. The mesh comprises 2.08×10 6 cells, with only 367 cells with angles less than 25 degrees. The General Grid Interface (GGI) [18] is used at the interfaces between the rotor and the stator. The main advantage of the GGI is that it allows nonconformal meshes at the interface. It makes mesh generation easier for complex geometries, and facilitates a sliding grid approach. It has been shown to give a close agreement for the velocity results between non-conformal and conformal meshes. The maximum CFL number is 1.25 for the runaway speed, which corresponds to 0.25 degrees runner rotation per time step. A constant velocity is specified at the strout inlet. A homogenous Neumann boundary condition is applied at the outlet for all variables. 
Numer ical r esults and validation
The numerical velocity is normalised by the bulk velocity at the throat and the axis of survey windows are normalised by the throat diameter. The numerical mean results are averaged over five complete runner revolutions. The flow Reynolds number based on the throat diameter and bulk velocity is 3.81×10 5 . The generated swirl in Fig. 4 is at its maximum level downstream of the runner blade and decays along the conical diffuser. The axial velocity at W0 is similar for all rotational speeds due to the constant mass flux and its independence of the rotational speed. The tangential velocity decreases linearly from hub to shroud, and is reverse of the runner rotation for the 400 rpm and 500 rpm cases. This is related to the reaction of the blade to the swirling flow from upstream. The rotational speed is not high enough to neutralize the incoming swirl, and the flow hits the blade and reflects in the opposite direction. This swirl, in opposite direction of the runner rotation, is the highest for the lowest rotational speed. The largest tangential velocity at W0 occurs for 400 rpm and close to the hub. As previously mentioned, the runner blade has a special shape, which close to the hub is pump-like and close to the shroud is turbine-like. Consequently, the inner part of the blade produces more swirl in lower rotational speeds, 400 rpm and 500 rpm, see Fig. 4 . For 600 rpm and 700 rpm, the inner one third of the survey axis is in opposite direction and the outer part is in the same direction as runner. The special shape of the runner blade plays less important role in higher rotational speeds since the centrifugal force is the governing parameter. The mean velocity components for 600 rpm and 700 rpm are very similar in the cone. The tangential velocity is in same direction as runner for 800 rpm and upwards.
The axial velocity for 400 rpm and 500 rpm at W1 is very similar. There is a central stagnant region which still rotates in opposite direction of the runner. Since the tangential velocity is a bit stronger for 400 rpm, the on-axis recirculation region is slightly larger compared to 500 rpm. Crosssection W1 is close to the throat and smaller than W2, therefore the maximum velocity is larger, see Fig. 4 . The on-axis recirculation region occupies most of cross section W2, which means increasing the surface area of the conical diffuser in off-design conditions does not increase the efficiency. The on-axis recirculation region is smaller and backflow is less strong for 600 rpm and 700 rpm due to less strong swirl. As can be seen at W1 for 600 rpm and 700 rpm, the rotational direction agrees with the runner rotation direction at the outer part and in reverse at the inner part, which emphasises two different rotational regions. When the rotational speed increases enough, for 800 rpm and upwards, the absolute tangential velocity is stronger close to the shroud which can be related to the centrifugal force. This increase is linear and is proportional to the radius, ∂P/∂r=ρV θ 2 /r. Figure 5 shows the phase averaged pressure of the vortex rope at two points on the cone wall, PT1 at the throat and PT2 100 mm downstream of the first one, see Fig. 2 . The pressure is sinus-like with an amplitude of 0.9kPa. The numerical results predict the pressure field qualitatively reasonable while the frequency of vortex rope and the amplitude of the pressure are slightly lower than the experimental ones. Figure 6 shows iso-surfaces of the pressure for three different rotational speeds. The vortex rope for 400 rpm is the strongest one since the highest swirl occurs at that condition rotating in the opposite direction of the runner. There is very small vortex rope for 600 rpm and 800 rpm but for higher speeds it again forms and strengthens. It is worth mentioning that the swirl close to the hub at W0 directly influences the vortex rope. The tangential velocity at W0 close to the hub is almost zero in the cases for which the vortex rope disappears. There is no swirl at W2 for these cases, 700 rpm and 800 rpm,
i.e. the swirl decays quickly and the on-axis recirculation region is smaller. Furthermore, the tangential velocity is almost zero close to the shroud in 500 rpm in W0, still there is a strong vortex rope and large on-axis recirculation region. Table 2 shows the swirl number, as defined in eq. (1), at W0, W1 and W2, for different rotational speeds. The swirl number is decaying for 600 rpm and upwards. The swirl number for 400 rpm and 500 rpm increases along the cone and in the reverse direction of the runner. The minimum swirl occurs at W1 for 600 rpm. 
Conclusions
The swirling flow configurations generated by a swirling flow apparatus are investigated experimentally and numerically. The unsteadiness in the draft tube with six different runner rotational speeds are measured using LDV and validated with RNG k-ε results. For conditions where the vortex rope disappears, the tangential velocity decreases and the numerical results show better agreement with the experimental results. In reverse, when the tangential velocity increases, the vortex rope is larger and an on-axis recirculation region is formed. In such cases the numerical results overpredict the recirculation region. The precessing vortex rope is rotating in opposite direction of the runner for 400 rpm and 500 rpm. The vortex rope disappears or is very small for 600 rpm and 700 rpm. The precessing vortex rope is rotating in the same direction as the runner for 800 rpm and 925 rpm. The numerical results capture a slightly lower frequency of the vortex rope than the experimental one, for 925 rpm.
